Abstract: Highly pathogenic H5N1 infections are often accompanied by excessive pro-inflammatory response, high viral titer, and apoptosis; as such, the efficient control of these infections poses a great challenge. The pathogenesis of influenza virus infection is also related to oxidative stress. However, the role of endogenic genes with antioxidant effect in the control of influenza viruses, especially H5N1 viruses, should be further investigated. In this study, the H5N1 infection in lung epithelial cells decreased Cu/Zn superoxide dismutase (SOD1) expression at mRNA and protein levels. Forced SOD1 expression significantly inhibited the H5N1-induced increase in reactive oxygen species, decreased pro-inflammatory response, prevented p65 and p38 phosphorylation, and impeded viral ribonucleoprotein nuclear export and viral replication. The SOD1 overexpression also rescued H5N1-induced cellular apoptosis and alleviated H5N1-caused mitochondrial dysfunction. Therefore, this study described the role of SOD1 in the replication of H5N1 influenza virus and emphasized the relevance of this enzyme in the control of H5N1 replication in epithelial cells. Pharmacological modulation or targeting SOD1 may open a new way to fight H5N1 influenza virus.
Introduction
H5N1 avian influenza virus infections have spread worldwide and have caused remarkable economic and social impacts, which have raised serious worldwide concerns on a potential influenza pandemic. Infections with H5N1 viruses are associated with severe pneumonia, lymphopenia, high virus loads, and aggressively persistent trafficking of numerous inflammatory cells with hyper-induced cytokines and chemokines [1, 2] . Viral infections, including Hepatitis (HCV), herpes simplex virus (HSV), respiratory syncytial virus (RSV), and influenza virus, occur simultaneously with the generation of excess reactive oxygen species (ROS) [3] [4] [5] [6] ; as a result, specific oxidant-sensitive pathways, such as mitogen-activated kinase p38, transcription factor nuclear factor-κB (NF-κB), and apoptosis, are activated [7] [8] [9] [10] [11] . H5N1-induced acute pulmonary damage can be attributed to excessive ROS ATP-Lite Assay Kit was purchased from Vigorous Biotechnology (Beijing, China). ELISA Kit for IL-6 and TNF-α were purchased from Dakewe Biotech (Beijing, China).
Cells and Viruses
Human lung epithelial cell line A549 and Madin-Darby canine kidney (MDCK) cells were obtained from China Center for Type Culture Collection (Wuhan, China). Mouse primary lung epithelial cells were obtained from Rochen Biotech (Shanghai, China). A549 and primary mouse lung epithelial cells were kept in HAM'S/F-12 medium supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA). MDCK cells were grown in DMEM supplemented with 10% FBS. The cell cultures were incubated at 37˝C with 5% CO2. Influenza virus strains, including A/chicken/Hubei/327/2004 (H5N1) (DW) and A/PR/8/34 (H1N1) (PR8), were conserved by the State Key Laboratory of Agricultural Microbiology of China. These strains were propagated in nine-day-old specific pathogen-free embryonated eggs at 37˝C before use; the strains were then titrated by plaque assays in MDCK cells. For viral infections, DMEM or F-12 containing 1 µg/mL tolylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (Sigma-Aldrich, St. Louis, MO, USA) for H1N1 was used in MDCK or A549, respectively. For H5N1 virus infection, the medium was used without TPCK in trypsin. The experiments with H5N1 viruses were performed in a laboratory classified as Biosafety Level 3.
Antibodies
Rabbit polyclonal anti-IAV NP was kindly provided by Li Lin of the College of Fisheries, Huazhong Agricultural University, Wuhan, China. Mouse monoclonal anti-NP was conserved in our laboratory. Rabbit polyclonal Anti-SOD1, PCNA was purchased from ABclonal Biotechnology (Cambridge, MA, USA). Rabbit polyclonal anti-p38, p-p38, p65, p-p65, and cleaved caspase-3 were purchased from Cell Signaling (Beverly, MA, USA). Mouse monoclonal anti-GAPDH was purchased from California Bioscience (Coachella, CA, USA). Horseradish peroxidase (HRP)-conjugated anti-mouse and HRP-conjugated anti-rabbit secondary antibodies were purchased from SouthernBiotech (Birmingham, AL, USA). Alexa 488-or 594-conjugated goat anti-mouse or anti-rabbit secondary antibodies were obtained from Jackson ImmunoResearch (Newmarket, Suffolk, UK).
Plasmid Construction
Human SOD1 gene was obtained from cDNA of A549 cells through PCR. The fragment was then inserted into PCAGGS vector, which contains an HA tag in the N terminal. The promoter of the proximal region (´200 to +1) in SOD1 gene was cloned from genome of A549 cells, and inserted into PGL3-Basic vector (Promega, Fitchburg, WI, USA).
Biochemical Assays
The GSH/GSSH was evaluated from the total cell lysates of uninfected or infected cells at different post-infection time points by using GSH and GSSH assay kits (Beyotime, Shanghai, China) in accordance with the manufacturer's instructions to determine the cellular antioxidant activity.
ROS Detection
The control cells and the infected A549 cells were washed twice with pre-warmed phosphate-buffered saline (PBS). Afterward, 5 µM CM-H2DCFA diluted in F-12 medium without FBS was added and incubated at 37˝C for 30 min. The cells were washed twice with PBS and were detached with 0.25% trypsin for FACS analysis by using the BD FACSCalibur system. For mitochondrial ROS detection, 5 µM MitoSox was used in the same way described above. At least 10,000 cells were analyzed, and the mean channel fluorescence intensity was calculated.
Apoptosis Detection
The control cells and the infected cells were washed with PBS, detached with 0.25% EDTA-free trypsin, and spun down. The cells were centrifuged at 1500 rpm for 5 min and were washed again with PBS. Cell apoptosis was then investigated by using an FITC-Annexin V apoptosis detection kit (Biolegand, San Diego, CA, USA) with the BD FACSCalibur system in accordance with the manufacturer's instructions. At least 10,000 cells were analyzed. Caspase-3/7 activity was evaluated using a Caspase-Glo 3/7 assay kit (Promega) in accordance with standard instructions.
Real-Time Quantitative RT-PCR (qRT-PCR) Assay
The total RNA of differently treated cells was extracted using TRIzol (Invitrogen, Carlsbad, CA, USA) in accordance with standard instructions. Afterward, 1 µg of RNA was reversely transcribed. Gene expression was monitored through SYBR Green-based RT-PCR by using an ABI ViiA 7 PCR system (Apllied Biosystems, Foster City, CA, USA). Each gene expression was normalized to GAPDH. Significance was calculated using Student's t-test, and p < 0.05 was considered statistically significant. The primers used in this study are listed in Table S1 .
Western Blot
Differently treated cells were washed once with cold PBS and lysed in cell Tris lysis buffer (Cell Signaling) containing 1% EDTA-free protease inhibitor (Roche, Basel, Switzerland) in an ice bath for 30 min. The cells were then briefly sonicated and cleared through centrifugation at 12,000 rpm for 10 min at 4˝C. The supernatant was subsequently denatured by boiling for 5 min in SDS loading buffer. An equal amount of protein was subjected to SDS-PAGE and then transferred to nitrocellulose membranes (Whatman, Kent, UK). After the membranes were blocked in Tris-buffered Saline with Tween (TBST) containing 1% BSA, the membrane was incubated with various primary antibodies for 2 h at room temperature. The membrane was then washed thrice with TBST and reacted with the corresponding HRP-conjugated secondary antibodies for 1 h at room temperature. The membranes were washed again thrice; afterward, the blots were visualized using an Immobilon Western chemiluminescent HRP substrate kit (Thermo Fisher, Waltham, MA, USA) in an ECL detection system (Amersham Biosciences, Piscataway, NJ, USA).
Confocal Microscopy
A549 cells grown on coverslips were transfected with PCAGGS and PCAGGS-SOD1. After 24 h post-transfection, the cells were washed twice with F-12 medium without FBS. The cells were infected with five multiplicity of infection (MOI) of DW. After absorption was performed in an incubator with 5% CO 2 for 1 h at 37˝C, the cells were washed twice. F-12-containing 0.5% FBS was added and incubated for 6 h. The cells were washed twice with PBS and fixed with 4% paraformaldehyde for 15 min. Afterward, the cells were permeabilized in 0.1% to 0.2% Triton X-100 for 10 min, and blocked with 1% BSA for 1 h at room temperature. The cells were incubated in PBS containing mouse anti-NP and rabbit anti-HA antibodies at 4˝C overnight. The cells were then incubated in PBS containing Alexa 488-and 594-conjugated goat anti-mouse or anti-rabbit secondary antibodies. After a final wash, the cells were stained with 4,6-diamidino-2-phenylindole (1 µg/mL in methanol) for 10 min. The fluorescence was visualized under Axiovert 200 confocal microscope (ZEISS, Oberkochen, Germany). Fifty cells expressing PCAGGS or PCAGGS-SOD1 were counted to determine the rate of NP nuclear export.
ATP Detection
SOD1-and control-expressed cells were infected with DW at 1 MOI or control to detect ATP. The cells were lysed at 24 hpi, and ATP concentrations were determined using an ATP-Lite assay kit (Vigorous Biotechnology, Beijing, China) in accordance with the manufacturer's instructions. Results were presented as relative ATP concentration.
Determination of the Mitochondrial Membrane Potential (MMP)
The culture medium was changed to F-12 and was supplemented with 15 µM JC-10 (AAT Bioquest, Sunnyvale, CA, USA). After incubation was performed at 37˝C for 30 min, fluorescence was investigated using the BD FACSCalibur system.
Statistical Analysis
Data were expressed as mean˘SEM. Significance was determined by Student's t-test, and p < 0.05 was considered statistically significant.
Results

H5N1 Infection Increased Cellular ROS Level in A549 Cells
A549 cells were infected with A/chicken/Hubei/327/2004 (H5N1) (DW) and PR8 at 1 MOI to determine the extent of intracellular ROS induced by influenza virus infection. Intracellular ROS levels were measured at 24 h post-infection (hpi). As shown in Figure 1A , both viruses could significantly increase intracellular ROS. However, DW induced more ROS than PR8. GSH/GSSH was evaluated to further investigate the intracellular redox state upon virus infection. The GSH/GSSG ratio is a key indicator of cellular antioxidant activities. In this study, the GSH/GSSG ratio in A549 cells remarkably decreased after H5N1 infection compared with that in the control cells ( Figure 1B ). By contrast, the reduction was not as drastic as that of H5N1, although H1N1 infection also diminished the GSH/GSSG ratio; the diminution was mainly due to the decrease of GSH, with no significant change in the level of GSSG. This finding was consistent with the reductions of intracellular ROS. Considering that the redox environment in A549 cells may be different from that in primary lung epithelial cells, we also investigated ROS production in mouse primary lung epithelial cells infected by H5N1 viruses ( Figure S1 ). It showed that H5N1 viruses infection could also induce significant ROS production in the cells. The results suggested that H5N1 influenza viruses could induce intense ROS production, and could be stronger stimulating agents that boost intracellular ROS and induce oxidative stress than H1N1 viruses. 
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The culture medium was changed to F-12 and was supplemented with 15 μM JC-10 (AAT Bioquest, Sunnyvale, CA, USA). After incubation was performed at 37 °C for 30 min, fluorescence was investigated using the BD FACSCalibur system.
Statistical Analysis
Data were expressed as mean ± SEM. Significance was determined by Student's t-test, and p < 0.05 was considered statistically significant.
Results
H5N1 Infection Increased Cellular ROS Level in A549 Cells
H5N1 Infection Modified the Expression of Oxidant and Antioxidant Enzymes
To explore the mechanism responsible for the observed increase in intracellular ROS, we investigated the mRNA levels of NADPH oxidases and antioxidant enzymes through qRT-PCR. A549 cells were infected with DW at 1 MOI at 24 hpi, and total RNA was isolated for RT-PCR. The 
To explore the mechanism responsible for the observed increase in intracellular ROS, we investigated the mRNA levels of NADPH oxidases and antioxidant enzymes through qRT-PCR. A549 cells were infected with DW at 1 MOI at 24 hpi, and total RNA was isolated for RT-PCR. The results showed that the mRNA of NADPH oxidases significantly increased in the H5N1-infected cells compared with that in the control cells, except NOX5 (Figure 2A ). Several key antioxidant enzymes were also modulated by H5N1 infection. SOD1, SOD3, catalase, and Nrf2 were downregulated by viral infection. However, SOD2, which is mainly located in the mitochondria, significantly increased upon viral infection. The increase in NADPH oxidases combined with the depletion of SOD1, catalase, and Nrf2 may explain the accumulation of intracellular ROS in response to H5N1 infection. results showed that the mRNA of NADPH oxidases significantly increased in the H5N1-infected cells compared with that in the control cells, except NOX5 ( Figure 2A ). Several key antioxidant enzymes were also modulated by H5N1 infection. SOD1, SOD3, catalase, and Nrf2 were downregulated by viral infection. However, SOD2, which is mainly located in the mitochondria, significantly increased upon viral infection. The increase in NADPH oxidases combined with the depletion of SOD1, catalase, and Nrf2 may explain the accumulation of intracellular ROS in response to H5N1 infection. 
SOD1 Disrupted H5N1 Replication in A549 Cells
Considering that SOD1 acts as a key scavenger to detoxify superoxide anion mainly found in the cytoplasm, we further investigated the changes in mRNA and proteins upon H5N1 challenge at different times post-infection. As shown in Figure 3A , the mRNA and the protein level of SOD1 significantly decreased as early as 12 hpi. The downregulation of SOD1 transcription may be due to the decreased promoter activity caused by virus infection ( Figure S2 ). This observation prompted us to determine whether SOD1 depletion can contribute to H5N1 virus propagation. As shown in Figure 3B ,C, mRNA, protein of viral nucleoprotein (NP), and released viruses titer significantly decreased in SOD1-overexpressed A549 cells compared with those of the control cells. mRNA of NP and released viruses were also remarkably inhibited in SOD1-overexpressed mouse primary lung epithelial cells ( Figure S3 ). The virus replication significantly increased when the endogenous SOD1 was knocked down by siRNA transfection (Figures 3D). Overexpression or knock-down of SOD1 did not affect cellular viability ( Figure S4 ). Furthermore, when A549 cells were pretreated with DPI, an inhibitor classically used to block ROS production, ROS level was decreased, and viral replication was significantly inhibited in a dose-dependent manner ( Figure S5 ). These data together demonstrated that H5N1 virus infection could downregulate SOD1 expression, and SOD1 could be inversely related to H5N1 virus replication, which may be closely associated ROS production. 
Considering that SOD1 acts as a key scavenger to detoxify superoxide anion mainly found in the cytoplasm, we further investigated the changes in mRNA and proteins upon H5N1 challenge at different times post-infection. As shown in Figure 3A , the mRNA and the protein level of SOD1 significantly decreased as early as 12 hpi. The downregulation of SOD1 transcription may be due to the decreased promoter activity caused by virus infection ( Figure S2 ). This observation prompted us to determine whether SOD1 depletion can contribute to H5N1 virus propagation. As shown in Figure 3B ,C, mRNA, protein of viral nucleoprotein (NP), and released viruses titer significantly decreased in SOD1-overexpressed A549 cells compared with those of the control cells. mRNA of NP and released viruses were also remarkably inhibited in SOD1-overexpressed mouse primary lung epithelial cells ( Figure S3 ). The virus replication significantly increased when the endogenous SOD1 was knocked down by siRNA transfection ( Figure 3D ). Overexpression or knock-down of SOD1 did not affect cellular viability ( Figure S4 ). Furthermore, when A549 cells were pretreated with DPI, an inhibitor classically used to block ROS production, ROS level was decreased, and viral replication was significantly inhibited in a dose-dependent manner ( Figure S5 ). These data together demonstrated that H5N1 virus infection could downregulate SOD1 expression, and SOD1 could be inversely related to H5N1 virus replication, which may be closely associated ROS production. 
SOD1 Overexpression Reduced H5N1-Induced ROS Production and Attenuated Cytokine Response
Considering that SOD1 acts as an important antioxidant enzyme, we investigated whether its overexpression can reduce H5N1-induced ROS production. Figures 4A and Figure S6 show that SOD1-overexpressed A549 cells and mouse primary lung epithelial cells produced significantly less ROS than the PCAGGS transfected cells. We then evaluated the effects of the SOD1 overexpression on pro-inflammatory response because H5N1 infection is often accompanied by the hyper-induction of cytokines. Figure 4B illustrates that the SOD1 overexpression significantly attenuated the transcription of several pro-inflammatory cytokines, including CCL2, IL-6, TNF-α, and IL-8. The protein level of IL-6 and TNF-α were also significantly decreased by SOD1 overexpression ( Figure  4C ). 
Considering that SOD1 acts as an important antioxidant enzyme, we investigated whether its overexpression can reduce H5N1-induced ROS production. Figure 4A and Figure S6 show that SOD1-overexpressed A549 cells and mouse primary lung epithelial cells produced significantly less ROS than the PCAGGS transfected cells. We then evaluated the effects of the SOD1 overexpression on pro-inflammatory response because H5N1 infection is often accompanied by the hyper-induction of cytokines. Figure 4B illustrates that the SOD1 overexpression significantly attenuated the transcription of several pro-inflammatory cytokines, including CCL2, IL-6, TNF-α, and IL-8. The protein level of IL-6 and TNF-α were also significantly decreased by SOD1 overexpression ( Figure 4C ). 
SOD1 Overexpression Inhibited NF-κB and p38 Pathway and Disrupted the Nuclear Export of Viral NP
NF-κB pathway is sensitive to oxidants and is implicated in influenza virus replication and pro-inflammatory response. In this study, A549 cells were infected with 1 MOI H5N1 to evaluate whether SOD1 can modulate the NF-κB pathway. The results showed that the SOD1 overexpression could significantly reduce the H5N1-induced phosphorylation of p65 ( Figure 5A ). The SOD1 overexpression also inhibited the p38 kinase pathway, which initiates the pro-inflammatory response to H5N1 infection, as the phosphorylation of p38 was significantly reduced by the SOD1 overexpression ( Figure 5A ). What was interesting was that inhibition of NF-κB and p38 kinase by the corresponding inhibitors significantly reduced the H5N1-induced intracellular ROS production ( Figure 5B ). These results indicated that SOD1 might negatively regulate H5N1-activated NF-κB and p38 pathways by eliminating ROS, which in turn impeded the activation of NF-κB and p38 pathways. Considering that the p38 kinase pathway is closely related to the nuclear export of virus ribonucleoprotein (RNP) complexes [26, 27] , we investigated the effect of the SOD1 overexpression on the retention of RNP complexes. A549 cells were overexpressed with SOD1 and infected with 5 MOI H5N1. The cells were analyzed in terms of RNP export at 6 hpi. The immunofluorescence staining results revealed that the nuclear export of the RNP complexes was inhibited in the SOD1-overexpressed cells ( Figure 5C ). Cytoplasm and nucleus separation assay also suggested its inhibition on NP export ( Figure 5D ). SOD1 overexpression attenuated intracellular ROS production and decreased pro-inflammatory response induced by H5N1 virus infection. (A) SOD1 or PCAGGS overexpressed A549 cells were infected by DW at 1 MOI, 24 hpi, cellular ROS level was investigated using H2-DCFDA via Flow cytometry; (B) Total RNA of SOD1 or PCAGGS overexpressed A549 cells infected by DW at indicated time post-infection was extracted for qRT-PCR analysis, and (C) IL-6 and IL-8 levels of supernatant were tested by ELISA. Data was mean˘SEM of triplicate reactions. * p < 0.05, ** p < 0.01, *** p < 0.001.
NF-κB pathway is sensitive to oxidants and is implicated in influenza virus replication and pro-inflammatory response. In this study, A549 cells were infected with 1 MOI H5N1 to evaluate whether SOD1 can modulate the NF-κB pathway. The results showed that the SOD1 overexpression could significantly reduce the H5N1-induced phosphorylation of p65 ( Figure 5A ). The SOD1 overexpression also inhibited the p38 kinase pathway, which initiates the pro-inflammatory response to H5N1 infection, as the phosphorylation of p38 was significantly reduced by the SOD1 overexpression ( Figure 5A ). What was interesting was that inhibition of NF-κB and p38 kinase by the corresponding inhibitors significantly reduced the H5N1-induced intracellular ROS production ( Figure 5B ). These results indicated that SOD1 might negatively regulate H5N1-activated NF-κB and p38 pathways by eliminating ROS, which in turn impeded the activation of NF-κB and p38 pathways. Considering that the p38 kinase pathway is closely related to the nuclear export of virus ribonucleoprotein (RNP) complexes [26, 27] , we investigated the effect of the SOD1 overexpression on the retention of RNP complexes. A549 cells were overexpressed with SOD1 and infected with 5 MOI H5N1. The cells were analyzed in terms of RNP export at 6 hpi. The immunofluorescence staining results revealed that the nuclear export of the RNP complexes was inhibited in the SOD1-overexpressed cells ( Figure 5C ). Cytoplasm and nucleus separation assay also suggested its inhibition on NP export ( Figure 5D ). . SOD1 overexpression inhibited p65 and p38 phosphorylation, and disrupted nuclear export of NP. (A) Control or DW-infected SOD1 overexpressed cells were lysed for indicated protein analysis using corresponding antibodies at 24 hpi; (B) Cells were pretreated with PDTC (NF-κB inhibitor) and SB203580 (p38 kinase inhibitor) with 100 and 5 μM respectively for 1 h followed by DW infection. At 24 hpi, DCF fluorescence was determined by Flow cytometry; (C) PCAGGS or SOD1 overexpressed A549 cells was infected by DW at 5 MOI, 6 hpi, cells were fixed, permeabilized, and reacted with corresponding primary and secondary antibodies. Fluorescence was viewed under a confocal microscope. NP export rate was calculated by counting at least 50 SOD1-positive or negative cells; (D) SOD1 or control transfected A549 cells were infected by DW at 5 MOI, 6hpi, protein of cytoplasm and nucleus were separated for indicated protein detection using corresponding antibodies. * p < 0.05, ** p < 0.01, *** p < 0.001.
SOD1 Overexpression Rescued H5N1-Induced Apoptosis
Oxidative stress is likely involved in virus-induced apoptosis [11, 28] ; as such, we investigated whether the ROS reduction by SOD1 overexpression can rescue H5N1-induced apoptosis. The control cells or the SOD1-overexpressed A549 cells were infected with DW at 1 MOI. The cells were collected, and the apoptosis rate was analyzed through flow cytometry. Figure 6A indicates that the SOD1 overexpression significantly reduced virus-induced apoptosis. Compared with that in the control cells, the SOD1 overexpression also decreased the cleavage of caspase-3 substrate ( Figure 6B ) and attenuated the activation of caspase-3/7 caused by H5N1 infection ( Figure 6C ). The apoptosis inhibition was also observed when the assay was performed in mouse primary lung epithelial cells ( Figure S7) . Additionally, the apoptosis was significantly decreased in DPI-treated cells ( Figure S8 ). These results strongly suggested that the SOD1 overexpression can protect virus-infected A549 cells against apoptosis, and this may be related to alleviation of oxidative stress. . SOD1 overexpression inhibited p65 and p38 phosphorylation, and disrupted nuclear export of NP. (A) Control or DW-infected SOD1 overexpressed cells were lysed for indicated protein analysis using corresponding antibodies at 24 hpi; (B) Cells were pretreated with PDTC (NF-κB inhibitor) and SB203580 (p38 kinase inhibitor) with 100 and 5 µM respectively for 1 h followed by DW infection. At 24 hpi, DCF fluorescence was determined by Flow cytometry; (C) PCAGGS or SOD1 overexpressed A549 cells was infected by DW at 5 MOI, 6 hpi, cells were fixed, permeabilized, and reacted with corresponding primary and secondary antibodies. Fluorescence was viewed under a confocal microscope. NP export rate was calculated by counting at least 50 SOD1-positive or negative cells; (D) SOD1 or control transfected A549 cells were infected by DW at 5 MOI, 6hpi, protein of cytoplasm and nucleus were separated for indicated protein detection using corresponding antibodies. * p < 0.05, ** p < 0.01, *** p < 0.001.
Oxidative stress is likely involved in virus-induced apoptosis [11, 28] ; as such, we investigated whether the ROS reduction by SOD1 overexpression can rescue H5N1-induced apoptosis. The control cells or the SOD1-overexpressed A549 cells were infected with DW at 1 MOI. The cells were collected, and the apoptosis rate was analyzed through flow cytometry. Figure 6A indicates that the SOD1 overexpression significantly reduced virus-induced apoptosis. Compared with that in the control cells, the SOD1 overexpression also decreased the cleavage of caspase-3 substrate ( Figure 6B ) and attenuated the activation of caspase-3/7 caused by H5N1 infection ( Figure 6C ). The apoptosis inhibition was also observed when the assay was performed in mouse primary lung epithelial cells ( Figure S7) . Additionally, the apoptosis was significantly decreased in DPI-treated cells ( Figure S8 ). These results strongly suggested that the SOD1 overexpression can protect virus-infected A549 cells against apoptosis, and this may be related to alleviation of oxidative stress. 
SOD1 Prevented Mitochondrial Dysfunction Caused by H5N1
Mitochondria play an important role in many cellular bioprocesses, such as ATP production, innate immune response, apoptosis control, and Ca 2+ homeostasis regulation [29] [30] [31] . Mitochondria are also sources of ROS production and target of excessive ROS. In this regard, we evaluated the effects of the SOD1 overexpression on the mitochondrial function in H5N1-infected A549 cells. The H5N1 infection severely reduced the ATP production compared with the control infection in A549 cells ( Figure 7A ). The reduced level of ATP production in the virus-infected cells was remarkably lower than that in the control cells when SOD1 was overexpressed ( Figure 7A ). We also investigated whether the mitochondria membrane potential (MMP) is retained in SOD1-overexpressed A549 cells infected with H5N1 via JC-10 dye staining. Although the MMP in the SOD1-overexpressed cells was severely collapsed compared with that in the mock-infected cells, the extent of the reduction was inhibited compared with that of the control-transfected cells after H5N1 infection was induced ( Figure 7B) . Moreover, the SOD1 overexpression could attenuate the virus-induced mitochondrial ROS increase compared with that in the control cells, as determined by the mitochondrion-targeting superoxide indicator MitoSox ( Figure 7C ), which could weaken cellular oxidative stress and mitochondrial damage caused by mitochondrial ROS accumulation induced by H5N1 infection. These results suggested that SOD1 overexpression can prevent H5N1-induced mitochondrial dysfunction caused by H5N1 infection. 
Mitochondria play an important role in many cellular bioprocesses, such as ATP production, innate immune response, apoptosis control, and Ca 2+ homeostasis regulation [29] [30] [31] . Mitochondria are also sources of ROS production and target of excessive ROS. In this regard, we evaluated the effects of the SOD1 overexpression on the mitochondrial function in H5N1-infected A549 cells. The H5N1 infection severely reduced the ATP production compared with the control infection in A549 cells ( Figure 7A ). The reduced level of ATP production in the virus-infected cells was remarkably lower than that in the control cells when SOD1 was overexpressed ( Figure 7A ). We also investigated whether the mitochondria membrane potential (MMP) is retained in SOD1-overexpressed A549 cells infected with H5N1 via JC-10 dye staining. Although the MMP in the SOD1-overexpressed cells was severely collapsed compared with that in the mock-infected cells, the extent of the reduction was inhibited compared with that of the control-transfected cells after H5N1 infection was induced ( Figure 7B) . Moreover, the SOD1 overexpression could attenuate the virus-induced mitochondrial ROS increase compared with that in the control cells, as determined by the mitochondrion-targeting superoxide indicator MitoSox (Figure 7C ), which could weaken cellular oxidative stress and mitochondrial damage caused by mitochondrial ROS accumulation induced by H5N1 infection. These results suggested that SOD1 overexpression can prevent H5N1-induced mitochondrial dysfunction caused by H5N1 infection. caspase-3/7 activation was tested using Caspase-Glo 3/7 assay kit. Data was mean ± SEM. ** p < 0.01.
Discussion
Accumulating data demonstrate that viral infections can result in excess ROS production, including HCV, HSV, and RSV [3] [4] [5] . During influenza virus infection, ROS have often emerged due to disturbance of redox balance [32] . Studies from around the late 1980s suggest that ROS could promote lung injury and inflammation from influenza A virus infection [6, 13] . Although organisms can be protected from severe influenza virus infection by targeting some major oxidases responsible for the ROS production via pharmacological strategies, such as the Nox2 oxidase inhibitor apocyanin [19] , the effects of the modification of antioxidative enzymes on influenza virus replication remain largely unknown. Highly pathogenic H5N1 avian influenza virus infections are often accompanied with a high viral load and a hyper-induced pro-inflammatory response [1] . This behavior leads to increased mortality, which is observed to a greater extent in oxidative stress inducers than in other seasonal influenza viruses, such as H1N1. In the current study, H5N1 infection resulted in a significantly higher intracellular ROS than H1N1 infection in A549 cells, and remarkably decrease of GSH/GSSG compared with control. The decrease of GSH/GSSG, a key indicator of cellular antioxidant activities, was due to the significant reduction of GSH. GSH is found in almost every cell compartment, which acts as a redox buffer inside a cell [33] ; GSH scavenges singlet oxygen and hydroxyl radicals, detoxifies hydrogen, and lipid peroxide and is a cofactor in several detoxifying enzymes [34] . Thus, GSH plays key role in protecting against oxidative stress. Previously, studies demonstrated that viruses infection can deplete host GSH and that the administration of exogenous GSH could inhibit viral replication [35] [36] [37] . Although the detailed mechanism of its antiviral activity needs to be further determined, it may be involved in inhibition of viral protein synthesis [38] . As to influenza virus, it is possible that higher levels of GSH could interfere with disulfide bond formation, and thus prevent the correct folding and mature of viral HA and consequently its transport and insertion into the cell membrane [39] . Besides, a recent study demonstrated that GSH-C4 strongly diminished influenza virus replication by detaining immature monomeric HA in the endoplasmic reticulum and reducing plasma-membrane targeting of mature glycoprotein, which is mediated by increased intracellular GSH levels [40] . It indicated that influenza virus infection could disrupt the balance of redox, and hijack the host antiviral strategy to benefit its replication, through modification of GSH. However, why influenza virus replication results in decrease of GSH remains unknown. It is possible that influenza virus infection could alter the rate of GSH biosynthesis or accelerate its efflux through unknown mechanism, which deserves further studies.
The relative balance of redox reactions is maintained in normal cells because of the well-developed antioxidant system, including enzymatic and non-enzymatic antioxidant systems, such as SODs and catalases. However, virus infection may modulate antioxidant systems and thus 
The relative balance of redox reactions is maintained in normal cells because of the well-developed antioxidant system, including enzymatic and non-enzymatic antioxidant systems, such as SODs and catalases. However, virus infection may modulate antioxidant systems and thus induce oxidative stress.
For instance, respiratory syncytial virus can regulate antioxidant systems and stimulates oxidative stress [41] . In addition to the increase in NADPH oxidases caused by H5N1 infection in A549 cells (Figure 2A ), the modulation of SOD1, SOD2, SOD3, Nrf2, and catalase was observed in A549 cells ( Figure 2B ). SOD1, SOD3, Nrf2, and catalase were downregulated by H5N1 infection; by contrast, SOD2 was upregulated by H5N1 infection. SOD1 is a detoxifying enzyme to convert superoxide radicals to molecular oxygen and hydrogen occurring in the cytoplasm; SOD3 is the dominant antioxidant enzyme found in a variety of extracellular compartments; Nrf2-antioxidant response element signaling pathway is a major mechanism in the cellular defense against oxidative stress [42] . The attenuation of the antioxidant cellular defenses, combined with the activation of ROS sources, possibly disrupts the pro-oxidant-antioxidant balance in favor of the former. SOD2 is mainly located in the mitochondria where this enzyme plays an important antioxidative role to protect the mitochondria from oxidative damage. The increased SOD2 expression by H5N1 infection indicated that different antioxidant genes may be modulated through various mechanisms upon H5N1 infection. The increased SOD2 expression may also be implicated in mitochondrial function upon H5N1 infection; however, this assumption should be further investigated.
In this study, SOD1 mRNA and protein level were downregulated by H5N1 virus infection. The proximal region (´157 to´25) of SOD1 gene contains many essential cis-acting elements for expression of SOD1. We found that H5N1 infection could decrease SOD1 promoter activity. This is in consistent with a previous study defining SP1 could be influenced by virus infection [25] , which is a principal factor for SOD1 transcription [43, 44] . However, we do not exclude the decreased protein of SOD1 is involved in post-translational levels, such as proteolysis by proteasome, which needs to be further determined. SOD1 can detoxify superoxide radical primary in the cytoplasm. Interestingly, it was reported to be implicated in antioxidant and antiviral activity in HCV-expressing cells [23] , and reducing neurotoxic inflammatory signaling in microglial cells [24] . Nevertheless, the antiviral and antioxidative activities of SOD1 as a major antioxidant enzyme in H5N1-infected A549 cells remain unknown. We demonstrated in this study that the forced SOD1 overexpression could significantly disrupt H5N1 virus replication in A549 cells (Figure 3 ). This effect seems closely related to antioxidant activity because of the observed ROS reduction and decreased pro-inflammatory response in SOD1-overexpressed A549 cells stimulated by H5N1 compared with that in the control cells (Figure 4) . ROS can activate oxidant-sensitive pathways, such as p38 and NF-κB, which are two important pathways that involve influenza virus replication and pro-inflammatory response. Although relatively active oxidative systems and attenuated antioxidative systems contribute to excessive ROS production to induce oxidative stress, some signaling pathways related to viral proliferation or cellular bioprocesses may also be potential promoters of oxidative stress. We can suppose that the attenuation of intracellular ROS by SOD1 could disrupt these pathways; in turn, the disrupted pathways can further decrease ROS production. NF-κB and p38 pathways are involved in influenza A virus pathogenesis. Thus, we evaluated the effects of SOD1 overexpression on the activation of these pathways upon H5N1 infection in A549 cells. Our results indicated that the SOD1 overexpression could weaken the H5N1-induced activation of both pathways. The treatment with specific inhibitors of NF-κB and p38 also significantly attenuated H5N1-induced ROS production in A549 cells. SOD1 may inhibit the H5N1 infection-activated NF-κB and p38 pathways in A549 cells via an unknown pathway, which is likely ROS elimination, to decrease virus-induced pro-inflammatory response; however, this finding should be further investigated. Influenza viruses pursue a nuclear replication strategy to export their genome to the cytoplasm in the form of a viral ribonucleoprotein (vRNP) complex from the nucleus. In particular, the p38 activation is necessary to initiate the nuclear export of viral vRNP [26, 27] , and this process is possibly under redox control [7] . We showed here that the accumulation of the vRNP was significantly inhibited in the SOD1-overexpressed cells compared with that in the control cells ( Figure 5C ). This finding may be closely related to antioxidant effects, which play a negative role in the p38 activation.
ROS is greatly associated with cellular apoptosis [11] and is likely responsible for the influenza virus-induced apoptosis through a caspase-dependent mechanism; ROS may also be involved in the NF-κB pathway [8, 16] . Two major apoptosis signaling pathways involve upstream initiator caspases, such as caspase-8 and caspase-9, and downstream effector caspases, such as caspase-3 and caspase-7 [45, 46] . Caspase-3 is an extensively investigated effector caspase and is considered as a major player in apoptosis regulation [47, 48] . In our experiments, ectopic SOD1 overexpression could significantly decrease cellular apoptosis caused by H5N1 invasion. Moreover, caspase-3 cleavage and caspase-3/7 activation were downregulated by the SOD1 overexpression ( Figure 6 ); this result suggested that SOD1 elicited an anti-apoptosis effect. In addition to apoptosis inhibition, the SOD1-induced inhibition of caspase-3 may be involved in the antiviral effect of SOD1 because caspase-3 is necessary to stimulate an efficient export of the influenza vRNP complex [49] . Interestingly, NF-κB pathway was likely inhibited by SOD1, as indicated by the detected p65 phosphorylation ( Figure 5A ). The SOD1 overexpression may exploit the NF-κB pathway to influence cellular outcomes upon influenza virus infection because the NF-κB pathway interference by N-acetyl-L-cysteine (NAC), a well-known antioxidant, can inhibit H5N1-induced apoptosis in A549 cells [50] .
Mitochondria, which are an important ROS source in most mammalian cells, are a major component of apoptotic signaling pathways [31] . Cells undergo a decrease in the MMP caused by the opening of mitochondrial permeability transition (MPT), which is composed of voltage-dependent anion channel (VDAC) located in the outer mitochondrial membrane [51] . Proapoptotic proteins including Bak and Bax, can bind to VDAC and stimulate its opening and decrease of MMP [52] . Influenza virus could alter signal transduction pathway to decrease MMP. Previous study demonstrated that influenza virus PB1-F2 can bind to ANT3 and VDAC to open MPT [53] . The opening of MPT by PB1-F2 could further result in decrease of MMP. However, MPT opening can be also induced by generation of mitochondrial ROS, and another report showed the loss of MMP and generation of excess mitochondrial ROS were caused by activated caspases on mitochondrial electron transport complex I [54] . The mitochondrial ROS production is quiet controversial. The possible mechanisms involves deregulating mitochondrial enzymes, which impair electron transport, acceleration of Ca 2+ cycling [54, 55] , and even the indirect effect of ROS production in cytoplasm due to its wide and complex activities. It is speculated that influenza virus may increase mitochondrial ROS production via regulating Ca 2+ cycling, since that intracellular Ca 2+ content can be regulated by influenza virus infection [56] . In this study, the forced SOD1 expression alleviated the mitochondrial dysfunction caused by H5N1 infection. It is possible that SOD1 overexpression can affect the signal pathway related to MPT opening and mitochondrial ROS production, because of the observed decrease of caspase 3 activity and ROS production. It seems that a close connection exists between cytoplasm-derived ROS and mitochondrial function, which is greatly attractive and needed to be further investigated.
In all, although some targets and pathways responsible for ROS production were demonstrated to be relevant to influenza virus replication and the pathogenesis, less study was performed to focus on cellular targets for antioxidant that possibly disrupt influenza virus replication. This study described that SOD1 could inhibit the highly pathogenic H5N1 influenza virus, and this inhibition could be attributed to the antioxidant role of SOD1, which may attenuate virus-induced apoptosis, pro-inflammatory response, and mitochondrial dysfunction. Therefore, H5N1 infection may be effectively controlled by implementing strategies that target SOD1.
Conclusions
We demonstrated that H5N1 infection can down-regulate SOD1 expression. Forced SOD1 overexpression can disrupt H5N1 replication in A549 cells. This behavior may be attributed to the antioxidant role of SOD1; as a result, virus-induced apoptosis and pro-inflammatory response can be attenuated and H5N1 infection-induced mitochondrial dysfunction can be rescued to a certain extent.
